Abstract: In the tightly regulated glycogenolysis cascade, the breakdown of glycogen to glucose-1-phosphate, phosphorylase kinase (PhK) plays a key role in regulating the activity of glycogen phosphorylase. PhK is a 1.3 MDa hexadecamer, with four copies each of four different subunits (a, b, c and d), making the study of its structure challenging. Using hydrogen-deuterium exchange, we have analyzed the regulatory b subunit and the catalytic c subunit in the context of the intact non-activated PhK complex to study the structure of these subunits and identify regions of surface exposure. Our data suggest that within the non-activated complex the c subunit assumes an activated conformation and are consistent with a previous docking model of the b subunit within the cryoelectron microscopy envelope of PhK.
Introduction
Phosphorylase kinase (PhK*) is an (abgd) 4 hexadecameric enzyme complex of 1.3 MDa that phosphorylates and activates glycogen phosphorylase in the cascade activation of glycogenolysis. The g subunit (44.7 kDa, 386 amino acids) is the catalytic protein kinase, 1 and regions of the b and g subunits that are proximal within the complex have been shown to be structurally coupled to each other and with PhK activation. 13 Moreover, a model has recently been formulated in which non-activated PhK is characterized by an interaction between the gCRD and the nonphosphorylated N-terminus of b, with phosphorylation of the latter weakening that interaction and giving rise to activation of g.
14 Subunit interactions within the PhK complex have been characterized through chemical crosslinking 11, [15] [16] [17] [18] [19] and native mass spectrometry (MS), 20, 21 and it has been found that each type of subunit interacts with every other type within the (abgd) 4 complex. 20 Reconstructions of electron microscopy (EM) images show that the hexadecamer is actually arranged as a dimer of (abgd) 2 octamers perpendicular to each other, but separated by four bridges, i.e., a pseudotetrahedron. 22, 23 Portions of all four subunits have been localized within the complex by EM, 13, 23, 24 and the four bridges at the core of the complex are known to be composed of b subunits. 21 Less is known, however, about the atomic structures of the individual subunits, particularly within the context of the hexadecameric complex. High resolution structures of CaM (d) and the catalytic domain of the g subunit (minus the gCRD) have been solved, 25, 26 but in the absence of PhK's other subunits. The a and b subunits are homologous, with two unique regions in a and one in b, 2 and structural models for the individual subunits have been generated. 21, 27 These models for both isolated subunits show highly helical, two-domain structures; however, the structure of neither subunit has been examined in the context of the (abgd) 4 hexadecameric complex. In this current study, hydrogendeuterium exchange (HDX) is used to evaluate the structure of the b subunit in the context of the entire complex, including ramifications of the b 4 core. As indicated above, within PhK the b and g subunits are associated with each other near the N-terminus of b and the C-terminus of g. The g subunit is a typical CaM-dependent Ser/Thr protein kinase, with its C-terminus thought to bind the d subunit (CaM) through one or both of two previously identified high-affinity CaM-binding sites. 7, 9 Because the structure of the 87-residue gCRD has not been previously characterized, we have modeled its structure as an extension of the catalytic domain (i.e., full-length g subunit), and portions of that extension are covered by the HDX of the complete g subunit as part of the PhK complex. The structures of the b and g subunits as members of the (abgd) 4 PhK complex are evaluated herein by performance of HDX on non-activated PhK. In this technique, the amide backbone hydrogens exchange for deuterium when a protein is incubated in a D 2 O buffer. This exchange provides information on the secondary and tertiary structures of specific regions, as well as their surface exposure and dynamics. The multiple subunits of PhK result in 325 kDa of unique sequence, making HDX challenging. Using a sufficiently long gradient to reduce the number of co-eluting peptides, while still keeping the gradient sufficiently short to reduce backexchange of the deuterons, allowed for significant coverage of the a, b and g subunits, the first subunit being the subject of the preceding article 27 and the latter two of this article.
Results and Discussion
Of the 325 kDa of unique sequence (a single abgd protomer) in the PhK complex, the regulatory b subunit accounts for 125.2 kDa, and the catalytic g subunit 44.7 kDa. In order to analyze the structures of these subunits in the complex, HDX was performed on intact, non-activated PhK over a time-course from 15 s to 6 h. Although the peptide map of the b subunit yielded 94% coverage and g 90%, when deuterated peptides with overlapping envelopes or lowintensity peaks were excluded, 72 peptides of sufficient resolution and intensity for analysis remained for b, resulting in a slightly reduced coverage of 76%, and 37 peptides for g, giving 87% coverage. Despite this, there were enough remaining peptides covering overlapping regions of each subunit for data consolidation, as described in Pascal et al., 28 to narrow the location of exchange to within a few residues (Tables I and II) . Following this individual peptide analysis, to facilitate comparison of different regions of the subunits, the extent of incorporation into each peptide was converted to a percent of the total theoretical possible exchange (all residues excluding the first two residues 29 and any prolines are theoretically exchangeable). These percentages were arbitrarily classified as low ( 30%), medium (31-60%), or high (> 60%), which are the descriptors that will be used to discuss the relative exchange in specific regions of the subunits. Tables I and II employ this terminology, with color coding, in presenting the percent exchange into specific regions of the b and g subunits, respectively, at early, mid, and late times of exchange. The complete time-courses of 28 has been applied to all regions, and the number of deuterons incorporated has been converted to percentages. Overlapping peptides used for further resolution are not included. Redundant peptides (same peptide, with different charge) are also excluded; entire time courses for every peptide can be found in the supplementary material. b Four time points, out of the nine, are shown here to represent early, middle and late exchange. c If no data were available for a specific time point, the classification for the peptide that could be reasonably extrapolated from the prior and subsequent time point is listed for that point.
exchange into all of the specific peptides used to construct these two data consolidation tables are shown in the Supplemental Material.
HDX results for the b subunit
Although a high resolution structure for the b subunit has yet to be experimentally determined, a 3D atomic structure of this subunit has been predicted 21 through a combination of chemical crosslinking, MS, hierarchical modeling using I-TASSER [30] [31] [32] and ab initio calculations (Fig. 1 ). In this model, the predominately helical (69%) 21 Huntington-elongation-A subunit TOR-repeat like (HRL) domain (residues 671-1092). 21 These three domains together form a toroid-like structure, with the subunit's N-and C-termini proximal to each other. 21 Using as reference information a b 4 complex observed by native MS, known subunit phosphorylation sites, and the approximate location of the subunit in the complex [determined by immunoEM with a b subunit-specific monoclonal antibody (mAb)], 13 the b model was docked successfully into a 3D cryoEM envelope determined for non-activated PhK. 21 As determined by cryoEM, PhK is a large bilobal structure with four interconnecting bridges between the two lobes. 10 Four of the modeled b subunits pack as a dense D2 symmetrical core in the EM envelope, and form numerous contacts with one another, with the GHL domain of each subunit occupying the interior region of one lobe and the HRL domain occupying a single connecting bridge and part of the interior of the second lobe. 21 For organizational convenience and context, our HDX results will be discussed in relation to this model; however, it must be stated that the HDX results cannot corroborate any model of the b subunit. At best, they can be consistent with it, but presumably with portions of other models as well, especially given the high, experimentally determined helix content of the b subunit. 21 Moreover, it should also be noted that the model is a prediction of the best structure for the b subunit as a free-standing molecule, not as a component of a large, hexadecameric complex. Quaternary interactions within the (abgd) 4 complex would be expected to affect the structure of b (and g), and thus the HDX results, in two ways: distortion and protection. The quaternary structure would likely distort the structure of any 28 has been applied to all regions, and the number of deuterons incorporated has been converted to percentages. Overlapping peptides used for further resolution are not included. Redundant peptides (same peptide, with different charge) are also excluded; entire time courses for every peptide can be found in the supplementary material. Four time points, out of the nine, are shown here to represent early, middle and late exchange.
free-standing isolated subunit, regardless of whether that structure was generated from modeling, as with b, or from crystallography, in the case of g. The quaternary structure would also shield from HDX those regions of a subunit directly involved in subunitsubunit interactions. Such protection from exchange is a prominent reason for performing HDX on a complex, as it identifies potential regions of subunit interactions, making it a valuable approach for studying the PhK complex, in which each subunit type interacts with each of the remaining three. 20 With those caveats described immediately above in mind, the HDX results are largely consistent with the predicted structure of b and its homotetrameric packing in the core of the complex. The vast majority of residues observed in the deuterated peptides underwent low exchange after 15 s, with only 5.7% attaining high levels of exchange during the same time period. Even after 6 h, the percentage of residues undergoing high exchange increased to only 15% (Table I , Fig. 1 ); and regions of the subunit experiencing higher exchange were consistent with the secondary and tertiary structures predicted and described below for the major domains.
GHL domain. The best matches for the GHL domain in the PDB database were from bacterial and archaeal glucoamylases and glucodextranases, which have a catalytic domain (b residues 41-485) with an (a/a) 6 barrel fold and apparent starchbinding domains (b residues 486-670) with mixed secondary structure (Fig. 2) . 35 The catalytic domains of these enzymes are a-helical toroids composed of 12 helices with interconnecting loops that alternately pack to form two groups of six helices, with one group arranged externally and the other internally to form a deep active site pocket. 35 Experimental evidence supporting the existence of these domains was revealed in a report demonstrating that PhK tightly binds the GH-15 transition-state inhibitor acarbose, which stimulates PhK's kinase activity and alters cross-linking of its b subunits. 36 With the exception of helix 5 and all but one turn of helix 6, exchange data were available for all of the b subunit (a/a) 6 subdomain helices. Levels of deuterium exchange were low for regions of predicted helices 1-3 (residues 45-60, 88-99 and 108-125, respectively), 8 (293-298), 11 (385-391) and 12 (442-454), and all but the first three residues of helix 10 (371-379) (Table I) . Predominantly medium levels of exchange were observed for predicted helices 4 (126-137), 7 (235-253), and 9 (310-323), which are denoted by arrows in Figure 2 , but these higher levels were only reached at extended times of exchange (90 min). Medium exchange was also observed in several regions within predicted loops (64-83, 138-148, 212-234 and 354-370) connecting helices, and high exchange was observed in regions of two loops only (333-341 and 470-480; Fig. 2) . Similarly, we recently demonstrated that predicted helices in the GHL catalytic domain of the homologous PhK a subunit exchanged moderately. 27 This pattern was consistent with the simulated unfolding of a related GH-15 family member that unexpectedly underwent thermal denaturation at moderate temperatures, 37 suggesting the a subunit's predicted (a/ a) 6 barrel to be moderately dynamic. Helices 1, 8, 11 and 7 are thought to be the first to unfold upon thermal denaturation of the GH-15 (a/a) 6 barrel; 37 however, exchange for the first three of these predicted helices was very low for the b subunit barrel. Additionally, exchange for helix 7 in the b subunit was predominately low, reaching medium levels only and at later time points, whereas in a its exchange varied from low to high, consistent with its partial melting in the complex. 27 Similar to a, we observed that predicted helices 4 and 9 transitioned from low to medium levels of exchange in the b subunit barrel, despite being packed for the most part internally within each lobe in our model, suggesting b also to be moderately dynamic. These results are consistent with a large body of evidence demonstrating that the b subunit undergoes significant conformational changes in the PhK complex. 10, 13, 21, 38, 39 Differences in the HDX for the predicted (a/a) 6 barrels for the homologous a and b subunits provide additional evidence supporting differences in the modeled structures generated by us 21, 27 and others, 33 with the barrel for a conserving more residues critical for GH catalytic function and that for b containing a small C-terminal insert. 33 The secondary structure content of the starchbinding subdomain of the GHL differs significantly from the (a/a) 6 sub-domain, in that the majority of residues (65%) in the starch-binding subdomain are predicted to compose six large extended loops that connect six helices ranging from 2-6 turns (Fig. 2) . The level of exchange for regions in four of the loops (510-529, 541-575, 611-629 and 665-669) was for the most part low, with medium exchange occurring only after prolonged times for regions of two of the loops (541-575 and 644-653). Given these HDX results, most of the loops are presumably protected from exchange either through subunit interactions or limited exposure to the solvent interface (Fig. 2,  arrows) , both consistent with the positions predicted for these loops in the lobe interiors of PhK from docking the b models in the PhK cryoEM envelope. 21 HRL domain. In the atomic model of b docked in the PhK cryoEM envelope, the N-terminus of the HRL domain connects to the GHL domain through an extended loop that passes through a region of low density in the center of PhK to the interior face of the opposing lobe. The loop then transitions to a highly helical structure that occupies roughly half of the interior lobe face and one of the interlobal connecting bridges. 21 With the exception of the regions discussed below, most of this domain underwent low exchange (Fig. 2) , progressing to medium exchange at extended times, consistent both with its docking in PhK's quaternary structure and its predicted secondary structure. 21 High levels of exchange were observed for four regions (733-736, 789-802, 822-835 and 971-973) containing predicted loops, with residues 779-811 being previously identified as a loop by partial proteolysis (Fig. 2) . 40 The high exchange in these loop regions is consistent with their surface exposure in our docking of b within PhK's quaternary structure.
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Site of intrasubunit crosslinking of b. Previously we demonstrated that the N-and C-termini of the b subunit were proximal in PhK by chemically crosslinking Lys-1025 to residues Tyr-51 and Lys-53 with 1,5-difluoro-2,4-dinitrobenzene in the (abgd) 4 complex. 21 The potential physical interaction between these regions is consistent with the short spacer arm (3-5Å ) of this particular crosslinker. HDX within regions containing these residues (49-52 and 1012-1043) revealed extremely low extents of exchange throughout the entire time course, supporting the crosslinking results, and providing additional evidence suggesting the interaction of these two regions of b within the PhK complex.
Exchange in regions of b surrounding sites previously indicated to be exposed: epitope and phosphorylation site. Using truncation mutants to determine the cross-reactivity of a mAb against the b subunit, 13 Nadeau et al. 12 narrowed the region in which the epitope occurs to between residues 704-815, and went on to use this information to aid in the docking of the b subunit within the cryoEM envelope. 21 Within this stretch, HDX analysis indicated residues 733-736 (Fig. 2, arrow) to be one of the highest exchanging regions identified in the entire b subunit, even at the shortest times of exchange (Table I) . Moreover, these four residues (733-736) are the only ones in this stretch predicted to lack secondary structure, making up a small loop between two helices (Fig. 2) . Consequently, this short stretch becomes a strong candidate as the probable epitope. The key residue targeted by PKA in its activation of PhK and glycogenolysis is Ser-26 of the b subunit, 4 which lies within the N-terminal regulatory domain of b, residues 1-31. 2 This domain appears to mediate an important interaction with the gCRD that keeps the activity of g from being expressed in non-activated PhK; upon phosphorylation, the inhibitory function of this region is released, resulting in activation of the PhK complex. 14 Due to the requirement for the b regulatory domain to be exposed and accessible to PKA to allow the phosphorylation of Ser-26, it was expected that this region should undergo a high level of exchange. Indeed, the stretch from 9-33 and the adjacent 36-44 are among the highest exchanging regions in the b subunit at short times (Fig. 2) . Besides being the regulatory domain, the first 31 residues of b are unique from its largely homologous a subunit, and were initially hypothesized as being surface exposed based on a relatively large percentage of hydrophilic residues. 2 Later, partial proteolysis suggested that this region was on the surface of PhK, 40 which is confirmed by these high levels of exchange.
HDX results for the c subunit
The catalytic g subunit of PhK is a Ser/Thr CaMdependent protein kinase (CaMK). The CaMK family comprises over 70 members, 41, 42 making it one of the largest families in the vertebrate kinome. CaMK's have autoregulatory domains (CRD's) that are located C-terminal to their catalytic domains and range between 40 and 50 residues in length. 43, 44 In most members, the CRD interacts with the catalytic domain in the absence of Ca 21 , either blocking or distorting the kinase active site. This inhibitory interaction is generally relieved by phosphorylation of, and/or CaM-binding to, the CRD. 43 The g subunit has three domains: its N-terminus, a catalytic domain, and its CRD. Its N-terminus (20 residues) is unique to this kinase. 1 Moreover, based on its large size (96 residues) and multiple subunit interaction sites, 12 the CRD of g is also unique when compared to other CaMK's. 43 In contrast, the catalytic domain (residues 21-289) shares 38% homology with the catalytic domains of other CaMK's, including CaMKIId 44 and death-associated protein kinase (DAPK). High resolution structural information is available only for the catalytic domain; thus, HDX results will be discussed in reference to both the Rimmer et al.
crystal structure of the catalytic domain (Fig. 3) and a model of the full-length subunit (Fig. 4) constructed by a multiple threading approach using I-TASSER.
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N-terminal insert: 1-20. In two different crystal structures of the isolated catalytic domain of g containing the intact N-terminal insert (with respect to PKA 26, 45 ) of 20 amino acids, the first 13-14 residues of the N-terminus lack sufficient density for structural determination. 26 On the basis of the position and orientation of the remaining residues in the N-terminus, showing them to project into the solvent, it was hypothesized that these terminal residues were mobile. 26 Our HDX analysis of this region of g in the context of the entire PhK complex is consistent with this hypothesis, showing a region (residues 3-25) that includes the N-terminus to undergo medium exchange (31-42%) throughout the entire time course [ Fig. 3(A) ]. These results suggest this region to be relatively solvent accessible and unlikely to be a subunit interaction site in the non-activated conformer of PhK. that traverse the kinase core from the F-helix in the C-lobe to the extended b sheet of the N-lobe [ Fig.  3(B) ]. Two distinct groupings of hydrophobic residues have been characterized, the regulatory (R) and the catalytic (C) spines, 46 both of which are conserved in eukaryotic protein kinases. [46] [47] [48] [49] Full assembly of the R spine is a characteristic of activated kinase structures, and is observed in crystal structures of the isolated catalytic domain of g, which is constitutively active as a free truncated subunit. 8 Disruption of this spine leads to kinase inactivation. 46 The R spine of the g subunit of PhK comprises four residues: His-147, Phe-168, Leu-77 and Leu-89. HDX in the regions containing His-147 and Phe-168 was low through 10 min, with the former region remaining at this level for 6 h, and the latter slowly increasing to medium exchange (Table II) . The region containing Leu-77 and Leu-89 (residues 74-99; Table II ) comprises approximately 1.5 turns of a helix (74-80), a connecting loop (81-88) and part of a b-sheet (89-99), with both residues occupying positions near the loop junctions . A shell surrounding the R spine is important for kinase regulation, and in PKA includes residues Met-118 and Met-120, while other protein kinases also contain a conserved Met diad. 50 In some of these kinases, mutation of the second Met to Phe has been shown to lead to activation, 51 and in the g subunit of PhK the second Met equivalent is, in fact, Phe-103. 1 The low to moderate exchange observed for these regions in g suggests the presence of a fully or nearly intact spine, indicative of an activated conformation, and/ or low solvent exposure. The C-spine, which comprises residues Ala-26, Val-33, Leu-156, Leu-157, Leu-111, Ile-155, Leu-222 and Ile-218 in g, is assembled in the presence of adenine analogs, and couples b2 and b3 in the N-lobe with helices D and E in the C-lobe through contacts with the adenine and ribose rings. 46 HDX coverage was measured for all but two of these residues, with low to medium levels of exchange observed for the majority of residues detected. Despite the absence of ATP, the exchange levels for these residues are again consistent with low solvent exposure and/or an assembled spine. 46 The activation loop for the active site of g, residues 178-185, is part of a long extended loop 26 that begins and ends with two highly conserved motifs, DFG and APE, respectively.
1 Glu-193 in the APE motif forms a salt bridge with Arg-275, which lies in a second loop between the H and I helices. 26 In PKA disruption of this interaction by mutation leads to a significant decrease in its activity. 52 We observed that regions containing these loops were initially low exchanging, transitioning to medium exchange at later time points, consistent with the presence of the stabilizing salt bridge. Typically, the activation loops of kinases in the active state are phosphorylated, resulting in the formation of an ion pair between the phosphorylated residue and a positively charged residue at the Nterminus of Helix C (e.g., phospho-Thr-197 and His-87 in PKA). In g, however, the key phosphorylatable residue is replaced by Glu-182, providing another indication that its basal state is activated. 26 Unlike phospho-Thr-187 in PKA, Glu-182 in g does not form any direct contacts with the C-helix, rather it is indirectly linked to this helix through a previously described network of interactions 26 that includes residues Arg-148 and Cys-172 in loops proximal to the active site and Lys-72 in Helix C [ Fig. 3(C) ]. Glu-182 forms an ion pair with Arg-148, which is proximal to Cys-172 (3.47Å ), and Cys-172 is within H-bonding distance (2.73Å ) with Lys-72 in the C-helix [ Fig. 3(C) ], mimicking the stabilizing interaction between the activation loop and helix C in PKA. 26 Despite Arg-148, Cys-172 and Glu-182 being in loops, we observed that the regions containing them exchange at low levels initially, followed by medium exchange throughout the time course. Further, although exchange for Lys-72 could not be measured, regions bracketing it underwent low or low to medium exchange. The sum of our exchange data for these four residues is consistent with the proposed stabilizing interaction network described above and with the constitutive activity observed for the isolated g subunit in solution, 8 Moreover, these results are also consistent with previous findings, 53, 54 demonstrating that reduced HDX rates for residues peripheral to the active site are markers for kinase activation.
53,54
The C-helix is a structural integrator whose spatial position influences the dynamics and activity of protein kinases. 55 It contains one of the spine residues, which in g is Leu-77, and any movement of the helix that displaces this residue from the spine leads to inactivation. 56 Similar to the interaction in PKA, helix C in g is stabilized by a conserved salt bridge (3.6 Å ) between Lys-48 and Glu-76 and the loop connecting this helix to b4. Regions containing these two residues predominately undergo low to medium exchange, consistent with the presence of this stabilizing interaction in g; however, many of the contacts between helix C and the remainder of the core that are observed in PKA are missing in g.
As discussed above, stabilization of the C-helix through interactions with the activation loop appears to occur through contacts that are unique to g. Taken together, our results indicate for the first time that the g subunit is catalytically competent in the non-activated (abgd) 4 complex, i.e., activation results from deinhibition caused by the release of quaternary constraints.
There are three inserts in the catalytic domain of g that do not correspond to the sequence of the homologous PKA, namely residues [60] [61] [62] [63] [64] [65] [66] [196] [197] [198] [199] [200] [201] , and 252-255. The last two inserts were observed in the HDX data. In the g crystal structure, insert 196-201 comprises one turn of a helix and connecting loop, which project directly into the solvent just below the activation loop. 26 Several residues (196, (199) (200) (201) of this region and residues directly flanking it undergo low levels of exchange at 15 s, increasing to medium levels at 5 min and for the remainder of the time course. The region encompassing residues 252-255 shows similar levels of exchange, remaining at low extent until 90 min and increasing only to medium after that. This region includes one-half turn of a helix and part of a connecting extended loop that also project out into the solvent in the g crystal structure. 26 The level of exchange for both of these inserts and their solventexposed positions in the crystal structure suggest the possibility that they may be near subunit interaction sites in the (abgd) 4 complex. Using EM in conjunction with a mAb against the g subunit, the epitope, identified as being somewhere within the stretch from 277-290, was shown to be located centrally on the interior lobes of the PhK complex. 13 To be accessible to the antibody, this region must be surface exposed, and we find that residues 270-279 rapidly undergo medium levels of exchange. In contrast, residues 280-289, immediately adjacent to this region, remain low exchanging throughout the entire time course, suggesting the actual epitope is located N-terminally in the 277-290 stretch.
From mapping partial proteolysis loops, carboxymethylation footprinting, the mAb binding site, and known sites of substrate interaction onto the crystal structure of the g subunit, we identified a region on g that showed no overlap with any of these experimentally identified surface exposed regions. This region was hypothesized to be a site of interaction of the g subunit with the remainder of the PhK complex. 40 In the tertiary structure of g, this proposed
anchoring region comprised three stretches of residues in the C-terminal lobe, on the opposite side of the active site near the "bottom" of the subunit: 1) a loop connecting the D and E helices, 2) the C-terminus of helix F and a portion of the loop connecting it with helix G, and 3) helix H and the two loops that bracket it [ Fig. 3(B) ].
In our HDX data, all three of these regions undergo low levels of exchange at 15 s, and the majority of the residues remain at low levels of exchange throughout the time course [ Fig. 3(A) ]. A few of the residues reach medium levels of exchange, but even those do not get above low levels until at least 10 min or later in the time-course. These data are consistent with the hypothesis that these three regions of g do, in fact, represent an area in which it interacts with other subunits within the complex.
The C-terminal regulatory domain (cCRD): 299-386. The gCRD has no sequence homology with other protein kinases, and there is no high resolution structural information for this domain. It has, however, been shown to interact with all three of the regulatory subunits in PhK. 12 To gain further insights into the binding interactions of the gCRD with other subunits, we constructed an atomic model [ Fig. 4(A) ] of the full length g subunit using the I-TASSER multiple threading approach. 31 The 44 and similar interactions between the corresponding residues in the homologous g subunit [Phe-112 and Phe-298; Fig. 4(B) ] are suggested by their proximity (3.6 Å ). CaMKII residues Glu-96 (PhK g Asp-113) and Arg-297 (g Lys-303) form a salt bridge, which is mirrored by a predicted ion pair [ Fig. 4(B) ] between these corresponding residues in g at a distance of 2.7 Å . Two additional non-conserved stabilizing contacts between the gCRD and catalytic domain are predicted [ Fig. 4(B) ] between Lys-305 and Glu-110 (2.8 Å ), as well as between Arg-366 and Glu-20 (1.83 Å ). HDX is low, especially at early time points, for most of the peptides containing the eight residues indicated above (Table II) , which is consistent with their proposed intra-subunit interactions.
Although both Arg-366 and Glu-20 are located on peptides that undergo medium exchange, they are bracketed by high-exchanging peptides, consistent with their supplying a stabilizing salt-bridge. Such a salt bridge would connect the N-lobe of the catalytic domain of g with its CRD, mimicking the known stabilizing salt-bridge observed between the same domains in the crystal structure of DAPK complexed with Ca 21 /CaM. 43 A large body of work has demonstrated a direct linkage between the gCRD and the d subunit. The region of the g subunit that interacts with the d subunit was initially localized to its C-terminal one-quarter (residues 290-386) by truncation, 8, 57 synthetic peptides 7 and crosslinking. 9 The truncated g subunit missing the gCRD is active, but insensitive to Ca 21 / CaM. 8, 57 Screening of the C-terminal quarter of g for potential high affinity CaM-binding sequences through the use of overlapping synthetic peptides revealed two distinct, non-overlapping CaM-binding domains (CBD's). 7 The more N-terminal CBD (N-CBD) stretches from residues 297-331 and the more C-terminal CBD (C-CBD) from 337-366. Although it is not known whether only one, or both, of these CBD's interact with the d subunit within the PhK complex, we previously gained direct evidence of an Asp-Lys salt-bridge between d and the N-CBD of g through the zero-length crosslinking of d Asp-93 and g Lys-325 within the complex. 9 The exchange coverage we observed for the two CBD's (Table II) was 77% for the N-CBD (both termini covered similarly, but with a 7-residue gap in middle) and 47% for the C-CBD (the C-terminal half). The least exchange observed within the CBD's was for the N-terminal portion of the N-CBD, with peptide 296-309 showing low exchange for up to 30 min (28% exchange) and only 32% exchange after 6 h ( Supporting Information, Fig. S2 ). Thus, as with zero-length crosslinking, our exchange results support the binding of d to the N-CBD of g within the PhK complex. We cannot, however, rule out the participation of the C-CBD in the binding of d, inasmuch as we did not observe peptides from within the Nterminal half of the C-CBD. Moreover, it should be noted that the binding of d within the PhK complex is likely to be dynamic, in that single molecule trajectory analyses of PhK containing d subunit labeled at its Nand C-termini with a fluorescent donor-acceptor pair showed that subunit to repeatedly jump back-andforth between extended and compact conformational substates under constant conditions. 58 The repeated alternate binding of d to first a single CBD and then to two could produce such a result. Multiple noncontiguous interactions between CaM and several of its protein targets have been characterized, 59 ,60 e.g., small conductance Ca
21
-activated potassium channels. 59 Unlike most CaM targets, both the potassium channel and PhK bind CaM in the absence of Ca 21 , but are activated only in its presence. 5, 61 This form of CaM binding is atypical with respect to other CaMK members, which bind (and are activated by) CaM only in the presence of Ca
. 41, 43 Moreover, unlike any other CaMK's, the g subunit of PhK functions as part of a large complex with three additional regulatory subunits, including the b subunit, which is predominate in the activation of PhK through phosphorylation. 4, 62 As discussed above, the structural and functional coupling of the b and g subunits in the (abgd) 4 complex has been characterized by multiple methods. [12] [13] [14] Although crystal structures of the isolated catalytic domain show it to contain all the structural elements of an activated kinase, 26 the HDX results herein also suggest a catalytically competent conformation of g in the non-activated PhK complex. The activation (deinhibition) of the g subunit 16 Although the structural details of the coupling between b and g that is associated with PhK's activation remain largely unknown, we previously demonstrated through chemical crosslinking that Arg-18 of b, which is in its N-terminal phosphorylatable region, and K-303, in the N-CBD of g, are proximal in the PhK complex. 12 In that same report, we
showed that the crosslinking of these two residues within the complex was inhibited by a peptide corresponding to the N-terminal 22 residues of b. Moreover, this same peptide not only crosslinked with g K-303 in the complex (i.e., the same residue targeted by its parent b subunit in the PhK complex), it was also phosphorylated by PhK (Ser-11 is an autophosphorylation site), 2, 12 
Materials and Methods
All materials and methods pertaining to performing HDX on the non-activated PhK were as described in the preceding article.
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Modeling/threading for full-length c subunit
Threading models of the g subunit were generated using the I-TASSER unified platform for automated protein structure and function prediction. [27] [28] [29] 
